Introduction
Classical protein motors move along cytoskeletal filaments to produce movement within the cell or of the cell relative to its surroundings at the expense of ATP hydrolysis. Examples include myosin on actin or kinesin on microtubules. However, there is also energy-dependent, directional molecular movement in systems not involved in macroscopic cellular movement. Examples are enzymes that move in one direction along a nucleic acid, either changing its structure, such as DNA and RNA helicases driven by ATP hydrolysis, or using it as a template, for instance polymerases that synthesize DNA or RNA from nucleoside triphosphates on a DNA template. Among the latter, RNA polymerase is particularly interesting; the force developed by single molecules of Escherichia coli RNA polymerase has been measured, thereby directly demonstrating the mechanochemical function of the enzyme [1] .
Another example, which is less well-established among biological motors, is the translating ribosome. During the elongation phase of protein synthesis, the ribosome polymerizes amino acids from amino acyl-tRNAs (aa-tRNAs) directed by an mRNA template that is moved codon by codon in successive Figure 1 . Elongation cycle on the ribosome This simplified scheme depicts the major steps of elongation. Upon binding of the complex of aatRNA with elongation factor Tu (EF-Tu) and GTP to the ribosomal A site and codon recognition, GTP is hydrolysed, EF-Tu(GDP) is released, and aa-tRNA enters the A site to take part in peptide-bond formation. Subsequent translocation entails binding of EF-G(GTP), GTP hydrolysis, tRNA-mRNA movement and release of EF-G(GDP) and deacylated tRNA.
EF-G, EF-Tu and several other translation factors form a subgroup of the GTPase superfamily. The members of this subgroup are large GTPases that contain, in addition to the GTP-binding domain, other functional domains. Canonical GTPases, such as p21 Ras or the G ␣ subunit of heterotrimeric Gproteins, act as molecular switches that are 'turned on' by replacing GDP with GTP to assume the GTP-bound, active conformation, and are 'switched off' by GTP hydrolysis. In the active conformation they can bind other proteins (effectors) with high affinity. It was thought that EF-G functions in a similar fashion, but recently it was found that EF-G is active in its GDP-bound state. Thus EF-G appears to differ from canonical GTPases; rather, it resembles motor proteins, such as the myosin motor, which performs the force-generating conformational change (power stroke) after ATP hydrolysis and actin binding.
This chapter discusses the role of EF-G and GTP hydrolysis in translocation on the ribosome. EF-G from E. coli will be used to discuss function; for structural information, we refer to the highly homologous factor from Thermus thermophilus. The main emphasis will be on how EF-G may translate the free energy of GTP hydrolysis into molecular movement on the ribosome.
Structure of EF-G: a five-domain GTPase with unusual properties
EF-G from E. coli is a 77 kDa protein with five domains. Whereas the structure of the GTP-bound form is not known, the crystal structures of nucleotide-free and GDP-bound EF-G forms from T. thermophilus have been determined and are quite similar [2] [3] [4] . Figure 2 shows the structure of EF-G(GDP) at 2.6 Å resolution. The molecule is elongated (about 110 Å long) and consists of a body (domains 1-3) to which an extended arm (domains 4 and 5) is connected through domains 3 and 5. The G domain (domain 1) of EF-G is larger (293 amino acids) than in other GTPases, such as p21 Ras or EF-Tu (about 200 amino acids), due to the insertion of a subdomain, GЈ (90 amino acids), into the structurally conserved G-domain framework.
This structural difference in the G domain is reflected in the unusual nucleotide-binding properties of EF-G; that is, its low affinities for GTP (1 M) and GDP (10 M), and the ease of GDP dissociation which obviates the necessity for a nucleotide-exchange factor. On the basis of these properties one may expect that the structures of the GDP-bound form and the as-yetunknown GTP-bound form of EF-G would be similar, in contrast to EF-Tu where the structural change due to GTP hydrolysis is very large [5, 6] and an exchange factor (elongation factor Ts, EF-Ts) is required to catalyse the dissociation of GDP. Results from small-angle X-ray scattering experiments indeed indicate that the difference in the overall structures of GTP and GDP forms of EF-G in solution is small [7] . This may not be true for the ribosome-bound factor, where the nucleotide-binding properties of EF-G may be different and the factor may experience more extensive conformational changes depending on the ligands bound to the G domain, i.e. GTP, GDP and P i , or GDP. Binding experiments with non-hydrolysable analogues of GTP or GDP indeed show that nucleotides are bound more tightly by EF-G on the ribosome, thus meeting one prerequisite for GTP hydrolysis to generate force on the ribosome. There is, however, no direct information available to characterize those states.
By analogy with the well-characterized structural change in the G domain of EF-Tu brought about by GTP hydrolysis [5, 6] , it appears likely that GTP hydrolysis and the loss of the ␥-phosphate induces a rearrangement in the G domain of EF-G. This may change the overall structure of the molecule by affecting the interaction of the G domain with neighbouring domains. It is appealing to assume that this change results in a movement of domain 4 in a lever-like fashion. to be functionally important, since numerous fusidic acid-resistance mutations and revertants have been found at the domain interfaces [8] , suggesting that fusidic acid, by binding to the interfaces, inhibits intramolecular rearrangements. Further support comes from the finding that deletion of domain 1 abolishes the ability of EF-G to promote translocation on the small ribosomal subunit [9] .
Mechanism of EF-G-dependent translocation
Until recently, the function of EF-G was explained in terms of the classical GTPase paradigm in which EF-G(GTP) binds to the pre-translocation ribosome and induces a conformational change that allows translocation and, subsequently, EF-G hydrolyses GTP, switches to a low-affinity GDP-bound conformation, and dissociates from the ribosome. The model was based on the observation that EF-G with non-hydrolysable GTP analogues still enhances translocation, but is restricted to a single round, unless the factor is actively removed from the ribosome after translocation [10] . However, on the basis of the kinetic data discussed below, we have recently proposed the revised mechanism of EF-G function in translocation, depicted in Figure 3 .
In the pre-translocation complex, deacylated tRNA resides in the P site (or, more precisely, in the P/E hybrid state [11] ) and peptidyl-tRNA in the A site (A/P* state; P* indicating a partially translocated state). Immediately following the binding of EF-G(GTP) (step 1), GTP is hydrolysed (step 2). Most likely, GTP hydrolysis and/or subsequent release of P i causes a conformational change of EF-G which, in turn, induces the formation of the transition state Figure 2 ). P i is omitted as it is not known when it is released. The transition-state structure of the ribosome, formed in step 3, is symbolized by an altered conformation of the small subunit. A, P (P* indicating a partially translocated state) and E denote the tRNA-binding sites on the two ribosomal subunits; only occupied sites are indicated. Reprinted from [22] , with permission. ©1998, National Academy of Sciences, U.S.A. of the ribosome (step 3). In the transition state, the movement of the tRNA-mRNA complex takes place (step 4). In step 5, the ribosome returns to the ground state and EF-G assumes the GDP-bound conformation (this is probably the step inhibited by fusidic acid binding to EF-G on the ribosome).
Step 6 then comprises the dissociation of EF-G(GDP) and deacylated tRNA (order unknown) to reach the final post-translocation state of the ribosome with peptidyl-tRNA in the P site (P/P state) and a free A site. That GTP hydrolysis is the first event after binding of EF-G(GTP) to the ribosome follows from pre-steady-state kinetic experiments [12] that clearly showed that EF-G hydrolyses GTP much faster than the translocation of peptidyl-tRNA takes place (Figure 4) . The rate constant of single-round GTP hydrolysis is about 170 s Ϫ1 at saturating concentrations of EF-G, whereas the rate of peptidyl-tRNA movement is 25 s Ϫ1 . There is one molecule of GTP hydrolysed during each translocation cycle. The rate of GTP hydrolysis is independent of the status of the ribosome with respect to the occupancy with tRNA and is not affected when translocation is blocked by the antibiotic viomycin [12] . Thus single-round GTP hydrolysis by EF-G on the ribosome does not depend upon translocation. GTP hydrolysis is required for rapid translocation. This is shown directly by the observation that GTP hydrolysis accelerates translocation more than 50 times relative to the reaction with the non-hydrolysable GTP analogue, caged GTP (Figure 4, lower panel) . Accordingly, there seem to be two ways by which EF-G catalyses translocation. In one, operating with non-hydrolysable GTP analogues or GDP [12] , the activation energy of translocation is reduced by the binding of EF-G to the pre-translocation complex, which is not very much affected by the nucleotide. Subsequent translocation is relatively slow and the turnover of EF-G even slower, because the transition state is reached by thermal motion only. By contrast, in the mechanism operating in the presence of GTP, the hydrolysis of GTP results in a substantial acceleration. From the rates of GTP hydrolysis and translocation, a time gap between the two reactions of about 35 ms is calculated (Figure 4) . The lag suggests that conformational strain introduced by GTP hydrolysis is stored in the complex and released by proceeding to the transition state and translocation.
The steps from GTP hydrolysis on formation of the transition state, translocation and release of EF-G depend on the presence of domain 4 of EF-G [12] . The deletion of domain 4 reduced the activity in translocation about 1000-fold, while it had no effect on the GTPase activity of EF-G on the ribosome. Most interestingly, both activities were restricted to a single round, indicating tight binding of the truncated factor to the ribosome ( Figure 5) . Mutant EF-G lacking both domains 4 and 5 behaved the same. The data suggest that domain 4 is essential for (i) coupling the conformational change of EF-G induced by GTP hydrolysis to structural rearrangements of the ribosome leading to tRNA translocation, as well as for (ii) subsequent release of the factor.
The striking observation that truncated EF-G lacking domain 4, or domains 4 and 5, does not dissociate from the ribosome following GTP hydrolysis suggests that, early in the sequence of conformational changes induced by GTP hydrolysis, additional interactions of EF-G with the ribosome are established to form a kinetically stable complex, and that these interactions involve the body of EF-G, that is, domains 1-3. As a consequence, there is conformational coupling between the factor and the ribosome, which enables the factor to force the ribosome into the transition state of translocation. The structure of the transition-state complex revealed by electron cryomicroscopy, discussed below, suggests that domain 4 functions like a lever arm that acts on the 30 S ribosomal subunit, thereby inducing a structural transition. Subsequent tRNA-mRNA movement is likely to be spontaneous, following the thermodynamic gradient towards the immediate post-translocation P site-E site arrangement of the tRNAs, although an active contribution of EF-G is not excluded [13] . A movement of domain 4 towards or into the vac-ated 30 S A site (see below) seems to be required to resolve the tight interaction. The mutant lacking domain 4 cannot perform this movement and, therefore, retains the high affinity gained by GTP hydrolysis, thereby preventing turnover.
Ribosomal movements in translocation
On the 30 S subunit of the ribosome, the anti-codon regions of the two tRNAs are bound to two contiguous codons of the mRNA in the decoding centre, which is formed by residues 1400-1410 and 1490-1501 of 16 S rRNA. Binding interactions between some of these residues and the anti-codon arms of both tRNAs contribute to the stabilization of the complex. For tRNA-mRNA One is that there is a large-scale movement of the part of the ribosome which binds the tRNAs, thus carrying the tRNA-mRNA complex along. This type of movement is probably excluded because the tRNA-16 S rRNA contacts during the movement change from the typical pre-translocation pattern to the post-translocation pattern [11] , indicating that the tRNAs move relative to the ribosome. The alternative, more probable, mechanism is that the binding interactions between 16 S rRNA and the tRNA-mRNA complex are released prior to movement and are reformed afterwards with a new tRNA partner (peptidyl-tRNA) in the P site and no tRNA in the A site (the deacylated tRNA, now bound in the E site, does not make strong contacts with the 30 S subunit). Both models require that the conformation of the ribosome, in particular of the 30 S subunit, changes to allow translocation. Indeed, in the pre-translocation state with EF-G bound to it, the ribosome does have a structure, revealed by electron cryomicroscopy, that is substantially different from the structures of both the initial EF-G-free state and the final post-translocation state, which are very similar (Stark, H., Rodnina, M.V., van Heel, M. & Wintermeyer, W., unpublished work). The most extensive structural differences are found on the 30 S subunit. These results suggest that translocation is indeed associated with a major conformational change of the ribosome, and we assume that the state visualized by electron cryomicroscopy represents, or is closely related to, the transition state of translocation.
In the transition state, EF-G is arranged across the intersubunit cleft such that the body of EF-G is oriented towards the 50 S subunit, making a strong contact with ribosomal proteins L7 and L12, while the tip of domain 4 contacts the 30 S subunit in the region where protein S4 is located. This arrangement of EF-G suggests how EF-G may induce the structural change of the ribosome leading to translocation. We postulate that EF-G, with its body firmly bound elsewhere on the ribosome, imposes a conformational strain on the 30 S subunit by an active movement of domain 4 bound to the 30 S subunit, thereby initiating a structural change of 16 S rRNA that is transmitted to the decoding centre. In turn, the conformational change in the decoding centre may result in a destabilization of 16 S rRNA-tRNA interactions, which allows the tRNA-mRNA movement.
After translocation, EF-G is found in a different position on the ribosome, domain 4 now reaching into the decoding centre. This arrangement was suggested by chemical data [15] and demonstrated directly by electron cryomicroscopy (Stark, H., Rodnina, M.V., van Heel, M. & Wintermeyer, W., unpublished work; [16] ). While the reorientation of EF-G may be related to the movement of the tRNA-mRNA complex, it seems to be essential for the decay of the tight complex after translocation, as discussed above. It is noteworthy that the arrangement of EF-G in the post-translocation complex is quite similar to the arrangement of EF-Tu-aa-tRNA in the codon-recognition complex, where the anti-codon arm reaches into the decoding centre [17] . This is in keeping with the strikingly similar tertiary structures of EF-G and the EF-Tu-aa-tRNA complex in which domain 4 of EF-G and the anti-codon arm of the tRNA match each other in shape and position [18] .
EF-G: a GTPase motor
Several features of the functional cycle of EF-G are inconsistent with a GTPase switch model: (i) GTP is hydrolysed early in the cycle, immediately following the binding of EF-G(GTP) to the ribosome; (ii) after GTP hydrolysis, the ribosome-EF-G(GDP) complex rearranges into a kinetically stable state; (iii) there is a time delay, about 35 ms, between GTP hydrolysis and the actual tRNA movement, indicating storage of conformational strain in the ribosomefactor complex; and (iv) domain 4 of EF-G appears to function as a lever arm exerting conformational strain on the ribosome.
These characteristics of EF-G function have interesting parallels in myosin function. The basic cycle of myosin action on actin starts with the ATP-bound form of the myosin head detached from actin. Subsequent ATP hydrolysis is spontaneous, and the myosin head with ADP and P i bound to it attaches to actin to form a reversible complex. On release of P i , the complex rearranges into a tight complex that then performs the power stroke, thus releasing the conformational strain stored in the tight complex. Finally, a structural transition in the myosin head, induced by dissociation of ADP and binding of ATP, results in the detachment of the myosin head from actin.
Common structural themes of G-proteins and molecular motors have been discussed recently [19] . Whereas there are striking parallels, both structural and functional, in the nucleotide-binding domains and in the structural changes induced by nucleoside triphosphate hydrolysis, there are important differences in the consequences of nucleoside triphosphate hydrolysis. GTPases are active generally in the GTP-bound form, and the structural change in the G domain induced by GTP hydrolysis destabilizes interactions with effectors. In contrast, ATP hydrolysis in molecular motors promotes the binding to partner molecules, for instance of myosin to actin and, additionally, changes the overall architecture of the molecule, thereby introducing conformational strain. Given the appropriate molecular environment, the conformational strain can exert force on the interaction partner. The characteristics of EF-G function, in particular the intermediate formation of a tight ribosome-elongation-factor complex in which conformational strain induces a structural transition in the ribosome, are consistent with the latter scenario. Although molecular details of myosin function are being successfully revealed by structural analysis [20] , not much is yet known for EF-G, as the structures of only the GDP-bound and nucleotide-free forms (but not the GTP-bound form) have been determined.
Other force-generating GTPases related to EF-G
In eukaryotes, translocation on the ribosome is promoted by EF-2, which shares extensive homologies with EF-G. Thus while less mechanistic information is available for EF-2, it is very likely that it functions in the same way as EF-G. Interestingly, an evolutionarily conserved GTPase homologous to EF-2 has been found as a constituent of human and yeast spliceosomes, i.e. U5 snRNP (small nuclear ribonuclear protein), and shown to be essential for yeast cell viability [21] . Thus the possibility arises that in addition to structural rearrangements driven by ATP hydrolysis, the RNA splicing machine may undergo a transition promoted by GTP hydrolysis that may be analogous to the structural transition of the ribosome that leads to translocation.
Perspectives
While the model of EF-G function described here provides a consistent explanation of the available data, it is partly hypothetical, and many questions are still open. Most importantly, the structural changes implied for EF-G are speculative. Thus it will be very important to obtain the crystal structure of EF-G(GTP) but it should be remembered that comparing the crystal structures of free EF-G(GTP) and EF-G(GDP) may not necessarily tell us about the structure in the most important functional state, bound to the ribosome in the transition state of translocation. However, we may get an idea of this from high-resolution electron cryomicroscopy of the ribosome-elongation-factor complex at defined stages of translocation.
Another unknown is how the binding of nucleotide, and possibly of P i , to EF-G is stabilized on the ribosome, since GDP-GTP exchange before completion of translocation would probably interfere with maintaining the conformational strain in EF-G generated by GTP hydrolysis. It is conceivable that a ribosomal component which contacts the G domain of EF-G and triggers GTP hydrolysis (a likely candidate is protein L7/L12) closes the nucleotidebinding pocket. Thereby, the release of GDP and/or P i could be inhibited until further interactions with the ribosome are established which lead to reopening of the pocket. To resolve these questions, the interactions of EF-G with the ribosome have to be characterized in molecular detail, and the timing of P i release has to be measured. 
Summary

